Infection by human papillomavirus (HPV) is a major risk factor for human cervical carcinoma. However, the HPV infection alone is not sufficient for cancer formation. Cervical carcinogenesis is considered a multistep process accompanied by genetic alterations of the cell. Ras is activated in approximately 20% of human cancers, and it is related to the metastatic conversion of tumor cells. We investigated how Ras activation was involved in the malignant conversion of HPV-infected lesions. The active form of H-ras was introduced into human primary keratinocytes expressing the HPV type 18 (HPV18) oncoproteins E6 and/or E7. We analyzed the keratinocytes' growth potentials and found that the activation of the Ras pathway induced senescence-like growth arrest. Senescence could be eliminated by high-risk E7 expression, suggesting that the pRb pathway was important for Ras-induced senescence. Then we analyzed the effect of Ras activation on epidermis development by using an organotypic "raft" culture and found that the E7 and H-ras coexpressions conferred invasive potential on the epidermis. This invasiveness resulted from the upregulation of MT1-MMP and MMP9 by H-ras and E7, respectively, in which the activation of the MEK/extracellular signal-regulated kinase pathway was involved. These results indicated that the activation of Ras or the related signal pathways promoted the malignant conversion of HPV-infected cells.
It has been proposed that carcinogenesis is a multistep process accompanied by multiple genetic alterations (4, 55) . Hyperplasia is considered the first step of carcinogenesis, which is induced by inflammation, activation of growth signals, or organ regeneration. Among the expanding population of cells, some cells acquire genetic mutations in the genes that regulate cell division, motility, and invasiveness. If the mutation disrupts the cell cycle checkpoint machinery, genetic instability is induced, resulting in the acceleration of genetic alterations. Immortalization can be induced by reactivation of telomerase and/or disruption of the pRb pathway. These multiple processes are required for the malignant conversion of the cell.
Cervical cancer is one of the gynecological cancers. Human papillomaviruses (HPVs) are detected in more than 90% of cervical cancer cases (59) , and HPV infection is considered a major causative factor for the cancer. HPVs are small DNA viruses which have about 8,000-bp, double-strand DNA as the genome (25) . More than 100 types of HPVs have been reported (59) , which are classified as low-risk and high-risk types according to their associations with malignant tumors (59) . High-risk HPVs encode two oncogenes, E6 and E7, which play important roles in carcinogenesis (36) . E6 has two zinc finger domains and interacts with tumor suppressor p53 (7) and degrades it to escape from apoptosis and to disrupt cell cycle checkpoint machinery (45) . E7 interacts with the tumor suppressor pRb and degrades or inactivates it to escape from the checkpoint machinery and to induce genome instability (11, 12) . Although the inactivation of both p53 and pRb seems to be pivotal for oncogenesis by HPV, other functions of these oncoproteins also contribute to carcinogenesis. E6 is able to reactivate human telomerase activity, resulting in immortalization of the infected cell (29) . E6 has a PDZ-binding domain at the C terminus that interacts with PDZ proteins (32) , such as hDlg and hScrib, the association of which is reported to be involved in the transformation function (28, 38) . E7 inactivates Cdk inhibitor p21 and disrupts the cell cycle checkpoint (23, 27) and enhances myc expression to upregulate cell proliferation (40, 41) .
Although HPV infection is critical for cervical oncogenesis, most infected lesions do not proceed to the malignant tumor stage, and a long incubation period is required for cancer development (14, 46) , indicating that HPV infection alone is not sufficient and that several genetic alterations of the cell are required for the induction of cervical cancer. Even though many mutations have been reported for HPV-positive cervical cancer (54), the critical genes responsible for cancer development have not been identified.
ras is a proto-oncogene which is frequently mutated or amplified in human cancers (3) . Activating types of ras mutations are detected in approximately 20% of all human cancers (10) . Ras regulates cell proliferation and migration through the activation of mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase, and the Rac/Rho signaling pathways (48) . ras mutation and amplification have also been detected in some cases of cervical cancers, and the involvement of Ras activation in HPV-induced carcinogenesis was proposed by several reports (2, 44) . Ras activation upregulated the gene expression levels of E6 and E7 (34) . Ras was reported to contribute to cellular transformation in cooperation with E6 and E7 in the mouse model (19, 47) . With clinical samples, the rate of ras mutation was reported to increase in association with the lesion's grade of cervical neoplasia (2) . These findings suggested that Ras activation is one of the major genetic alterations in the development of cervical cancer.
To clarify HPV-induced carcinogenesis and to prevent cancer progression, an understanding of the HPV life cycle is essential. It is known that HPV replication has an intimate connection with the differentiation process of keratinocytes (39, 56) . Virion production is restricted in the differentiated layer of epidermis; therefore, the standard monolayer culture of keratinocytes is unable to support the HPV life cycle. To analyze virion production, a culture medium containing a high concentration of calcium ions (15) or a suspension culture with semisolid medium (43) has been employed, by which some aspects of viral replication have been studied. An organotypic raft culture is one of the culture systems used for studying viral replication, which can reproduce an epidermal structure in vitro and support the whole life cycle of HPV (9, 35) . It seems better to use the culture condition that can support HPV replication for evaluating viral gene functions and for analyzing virus-induced oncogenesis because some of these aspects might be cell and/or tissue specific.
In this report, we analyzed the effects of Ras activation on HPV-induced tumorigenesis, using human primary keratinocytes. Studies of the transformation activity of Ras were performed mainly with rodent fibroblasts and mouse model systems. As noted above, however, it is important to use the assay system suitable for studying the HPV life cycle. We employed the organotypic raft culture and found functions of E7 and Ras that cooperated in the acquisition of invasiveness. We also found that the induction of matrix metalloproteases (MMPs) by E7 and H-ras was involved in invasiveness. These observations indicated that the activation of Ras or the related pathways conferred invasive potential on HPV-infected cells.
MATERIALS AND METHODS
Vector constructions. HPV oncogenes (E6 and E7) were isolated by PCR with a full-length HPV type 18 (HPV18) clone (GenBank accession number X05015) as the template and then inserted into the pLXSN (BD Biosciences Clontech, Palo Alto, CA; GenBank accession number M28248) vector. The active form of the human H-ras (G12V) gene, which was inserted into the pMXpuro vector with a hemagglutinin tag at the N terminus, was provided by Ishikawa University, Japan). The DNAs encoding these MAPK mutants were amplified by PCR and then inserted into pLPCX. The short hairpin RNA (shRNA) sequences used for pRb were GAT ACT AGA TCG TGT CAG ATT CAA GAG ATC TGA CAT GAT CTG GTA TCT TTT TTA TCG AT. The annealed oligonucleotides were inserted into the pSIRENRetroQ vector (BD Biosciences Clontech, Palo Alto, CA).
Cell cultures. Human foreskin keratinocytes (HFKs; Kurabo Industries, Ltd., Osaka, Japan) were maintained with serum-free keratinocyte growth medium (KGM; product, EpiLife-KG2; Kurabo). Human foreskin fibroblasts (HFFs; Kurabo), HeLa cells, and 293T cells were maintained with Dulbecco's modified minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (growth medium).
Retroviral production and infection. 293T cells were transfected with the retroviral gene expression plasmid (3.5 g; pLXSN or pLPCX), pCL10A1 (1 g; Imgenex Corp., San Diego, CA), and pGreenLantern-1 (0.5 g; Invitrogen Corp., Carlsbad, CA) and herring sperm DNA (5 g; Roche Diagnostics, GmbH, Mannheim, Germany) by using the calcium phosphate coprecipitation method. At day 2 after transfection, the culture medium was replaced with fresh KGM, and the retroviral vector was collected in the medium for 8 h. The conditioned medium containing viral vector was clarified through a 0.45-m-pore filter and used for the infection of HFKs. For the infection procedure, the previous KGM was removed, and the virus-containing medium mixed with 8 g/ml polybrene was overlaid on the HFKs. The cells were maintained for 6 h in a CO 2 incubator, and then the medium was changed to fresh KGM. At 24 h after infection, the cells were spread at a low density. G418 (60 g/ml) and puromycin (0.2 g/ml) were added to the medium at 48 h after infection, and the cells were incubated for 4 to 7 days.
SA-␤-gal assay. H-ras and HPV oncoprotein-coexpressing HFKs were spread at 1.0 ϫ 10 5 cells/dish. After 24 h, an evaluation of senescence was performed with a senescence-associated ␤-galactosidase (SA-␤-gal) assay kit (Cell Signaling Technology, Inc., Danvers, MA) by following the manufacture's instructions.
Immunoblot analysis. Total cell lysates were prepared with triple-detergent lysis buffer (50 mM Tris HCl [pH 8.0], 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% Nonidet P-40, 0.5% sodium deoxycholate) supplemented with protease inhibitor cocktail (Nakarai Tesque, Kyoto, Japan). The cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, and immunoblot analysis was performed by using a standard protocol. The antibodies used in the experiment were anti-18-E7 (clone C-20), anti-H-Ras (clone 259) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and an pRb-specific antibody (BD Biosciences Pharmingen, San Diego, CA).
Organotypic raft culture. For a preparation of the dermal equivalent, one part type I collagen (cell matrix type I-P; Nitta Gelatin Co., Ltd., Osaka, Japan) and two parts growth medium containing HFFs (1 ϫ 10 6 cells) were mixed while they cooled and were poured into a 6-cm dish, and then the cells were maintained in a 5% CO 2 incubator at 37°C until the collagen gel contracted to about a 2-cm diameter. The gel was soaked in fresh KGM for several hours and then transferred in a Transwell insert. The gel was put in a 6-well plate, and fresh KGM was filled into both the bottom and the insert. HFKs were overlaid on the gel (day 0). At day 1, the medium was changed to a mixture of KGM and DMEM growth medium (KGM/DMEM, 1:1), and 24 h later, the medium was changed to the same mixture, adjusting the CaCl 2 concentration to 1.8 mM (day 2). On day 3, the surface of the collagen gel was exposed to air, and then the medium in the bottom was changed to fresh medium every day. Multilayered cultures of keratinocytes were obtained at day 10.
The construction of the raft culture with HeLa cells was performed by a protocol similar to that described above, except that DMEM supplemented with 10% fetal bovine serum was used for the HeLa cells.
Hematoxylin and eosin (H&E) staining. Specimens of raft culture were embedded in optimal cutting temperature compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan), and thin sections (7 m) were obtained by cryosectioning (Cryo-Star HM560M machine; Microm Laborgeräte GmbH, Walldrof, Germany). The sections were transferred onto slide glasses and dried. They were stained with hematoxylin 3G (Sakura) for 5 min. After sections were washed with water, they were rinsed with HCl (4 ϫ 10 Ϫ3 N) for about 1 min and washed again.
They were then stained with a pure eosin solution (Sakura) for 3 min and destained with 80% ethanol. Immunohistochemical analysis. The cryosections were fixed with Mildform 10N (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and then treated with a target retrieval solution (Dako Japan KK, Kyoto, Japan). The endogenous peroxidase activity was quenched with 0.3% H 2 O 2 -MeOH after the target retrieval process. Antigen detection was performed with a tyramide signal amplification-biotin system (Perkin-Elmer, Boston, MA) by following the manufacture's instructions. Chromogenic detection of horseradish peroxidase was performed with a Metal Enhanced 3,3Ј-diaminobenzidine substrate kit (Pierce Biotechnology, Rockford, IL). Antibodies for MMP2, MMP9, and MT1-MMP (Daiichi Fine Chemical Co., Ltd., Toyama, Japan) and a secondary antibody for mouse (Santa Cruz Biotechnology, Inc., Santa Cruz CA) were purchased commercially. The immunohistochemical samples were counterstained with hematoxylin.
MMP inhibitor and MAPK inhibitor. MMP2 inhibitor, MMP9 inhibitor, and inhibitors GM6001, PD98059, SP600125, and SB203580 were purchased from Merck KGaA (Darmstadt, Germany). Concentrations were as follows: dimethyl sulfoxide, ϫ500; MMP2 inhibitor, 20 M; MMP9 inhibitor, 2 M; GM6001, 5 M; PD98059, 20 M; SP600125, 20 M; and SB203580, 5 M. Inhibitors were introduced into the medium mixture for the organotypic raft culture from day 1 to day 10.
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on October 16, 2017 by guest http://jvi.asm.org/ RESULTS E7-expressing keratinocytes escaped from Ras-induced senescence through pRb degradation. We analyzed the effects of Ras activation on HPV-induced tumorigenesis. First, we introduced the active form of H-ras, which has one amino acid substitution (H-rasV12, consisting of a G-to-V change at position 12), into primary HFKs and analyzed the growth potential (Fig. 1) . It was reported that the Ras activation in human primary cells induced premature senescence (49) . In agreement with that report, the Ras activation could induce senescence-like growth arrest in HFKs. The Ras activation attenuated the cell growth and changed the cell to a flattened and enlarged senescence-like shape. The senescence induction could also be confirmed by SA-␤-gal assay (Fig. 1A) . Next, the H-rasV12 was introduced into the HFKs expressing HPV oncoprotein. Although Ras activation could induce senescencelike growth arrest in the HFKs expressing HPV18 E6 (18E6), 18E7 expression rescued the cells from senescence.
High-risk type E7 binds to and inactivates pRb and induces its degradation through the proteasome pathway (18) . To investigate whether pRb inactivation was required for escape from Ras-induced senescence, we analyzed the effects of two 18E7 mutants (D24G and C27G) and low-risk HPV11 E7 (11E7) expression on Ras-induced senescence (Fig. 1) . These E7 mutants could not inactivate the pRb (22, 31) , and neither of them could eliminate the Ras-induced senescence, indicating that pRb inactivation was important for escape from senescence.
E7 has been reported to bind to other pocket protein family members (37) . Although the degradation of pRb is specific to high-risk E7, we reported that p130 was targeted for degradation by both types of E7 (HPV18 E7 and HPV11 E7) in HFKs (52) . In the same report, we demonstrated that the expression level of p107 was not modified by E7s. Considering these observations, the results shown above indicate that p107 and p130 were not involved in the Ras-induced senescence. This notion was supported by the observation that a pRb knockdown with a specific shRNA could eliminate the Ras-induced senescence (data not shown).
Coexpression of 18E7 and H-rasV12 conferred invasive potential on epidermis raft culture. We analyzed the effect of Ras activation on epidermis formation, using an organotypic raft culture system (Fig. 2A) . With control HFKs, normal epidermal structure could be reproduced. The cells expressing H-rasV12 or both H-rasV12 and 18E6 could not be used for the construction of the raft culture because their growth potentials were severely retarded, as shown in Fig. 1B . The 18E7 expression induced hyperplasia in the epidermal layer as previously reported (52). The cells expressing both H-rasV12 and 18E7 showed hyperplasia and invaded the dermal layer that consisted of type I collagen and HFFs, suggesting that Ras activation conferred invasive potential on the cells expressing high-risk E7. Invasion induced by H-rasV12 and 18E7 was confirmed by an invasion assay using a Transwell coated with extracellular matrix (Matrigel; BD Biosciences, Franklin Lakes, NJ).
In contrast to the invasive potential observed for the HFKs, HeLa cells derived from HPV18-positive cervical carcinoma showed very weak invasion activity, even with the ectopic expression of H-rasV12 (Fig. 2B) , which raised the possibility that the HFKs expressed E7 protein more abundantly than the HeLa cells. As shown in Fig. 2B , the expressions level of 18E7 in the HFKs was apparently lower than that in HeLa cells, suggesting that the 18E7 expression level in the HFKs was within the physiological level.
Ras activation was reported to contribute to the invasive potential of cancer cells by inducing MMPs through MAPK pathway activation (10) . To investigate whether MMPs were induced in the epidermal layer of the raft culture expressing both H-rasV12 and 18E7, we performed immunohistochemical analyses for MMP2 and MMP9, which are type IV collagenases and major MMPs inducible by Ras (Fig. 3) . MMP2 was constitutively expressed by the HFFs embedded in the dermal equivalent and was broadly distributed in the dermal layer. The expression of MMP9 was induced in the whole epidermal layer by 18E7 expression. These MMPs might contribute to the invasive potential of the HFKs expressing both H-rasV12 and 18E7.
In the acquisition of invasive potential, the activation of MMPs through cleavage by other proteases is also involved (13) . MT1-MMP is a matrix-anchored type of MMP, which is a major activator for MMP2 (26) . MT1-MMP can also cleave other MMPs and extracellular matrix proteins, for example, fibronectin, laminin, and collagen, and contributes to cell invasiveness. We analyzed the MT1-MMP expression in the raft culture expressing H-rasV12 and 18E7 (Fig. 3) . The expression of MT1-MMP was induced by H-rasV12 in the epidermal keratinocytes, especially at the boundary between the epidermal and the dermal layers. In the same sample, MMP2 also accumulated at the boundary (Fig. 3, E7ϩHras panels) , suggesting that the MT1-MMP induced by the Ras activation recruited the MMP2 expressed by the HFFs for its activation.
MMP upregulation confers invasive potential on the HrasV12 and 18E7-coexpressing epidermis. To investigate whether the MMP induction described above was involved in the invasion potential, we analyzed the effects of MMP inhibitors on invasion (Fig. 4) . The MMP2-specific inhibitor partially inhibited invasion; the MMP9-specific inhibitor strongly inhibited invasion, suggesting that the MMP9 induced by 18E7 contributed to invasion. However, induction of MMP9 might not be sufficient for invasion because the expression of 18E7 only could not confer the invasion potential on the keratinocytes. GM6001, which is a broad inhibitor of MMPs, suppressed invasion of MMP9. These results suggested that these MMPs cooperated with each other to promote the invasiveness of the HFKs expressing both H-rasV12 and 18E7.
MMP9 and MT1-MMP were induced through the MEK/ ERK pathway. It is known that Ras induces MMP expression through the activation of the MAPK pathway (30) . To investigate the involvement of MAPK activation in invasion, the effects of the MAPK-specific inhibitors on invasion potential were examined (Fig. 5) . A MEK-specific inhibitor, PD98059, clearly suppressed the invasion capacity of the cells expressing both E7 and H-ras. A p38-specific inhibitor, SB203580, had no effect on invasiveness. SP600125, a JNK-specific inhibitor, inhibited normal epidermis formation, suggesting that the JNK activity was essential for the development of stratified epidermis as previously reported (58) . These results indicate that the invasion potential was induced through the activation of the MEK/ERK pathway.
Next, the effects of the MAPK inhibitors on the expressions of MMP9 and MT1-MMP were analyzed by immunohisto- (Fig. 6 ). Expression of MMP9 (Fig. 6A ) and MT1-MMP (Fig. 6B ) was suppressed by PD98059, suggesting that their expression was induced through the activation of the MEK/ERK pathway. 18E7 and constitutive active MEK1-coexpressing epidermis partly reproduced the invasiveness of the H-rasV12 and HPV18 E7-coexpressing epidermis. The results shown above suggested that the invasiveness induced by H-rasV12 and 18E7 was mediated by the MMP activation through the MEK/ERK pathway. To examine whether the MEK/ERK activation could mimic the Ras activation for the induction of invasiveness, the constitutively active mutant of MEK1, MKK7 or MKK6, was expressed in the HFKs expressing 18E7, and the raft culture was constructed with them ( Fig. 7) . The epidermis expressing MEK1-SDSE (the MEK1 constitutive active mutant) acquired invasive potential, and MT1-MMP expression was induced. MKK7-DED (for the JNK pathway) and MKK6-SETE (for the p38 pathway) expression did not induce the invasion. Although these results indicated the involvement of the MEK/ERK pathway in the induction of MT1-MMP and invasiveness, the invasion induced by the MEK1-SDSE was attenuated compared with that induced by H-rasV12 and 18E7 coexpression, suggesting that other pathways or factors in addition to MAPK activation contribute to the invasive potential in Ras activation. It was apparent that all of the MAPK mutants expressing epidermis showed a thickened cornified layer, suggesting that these MAPK pathways contribute to the differentiation program of epidermis in some part.
MMP9 induction was independent of pRb degradation. We investigated the mechanisms by which 18E7 induced MMP9 expression. A well-known activity of the high-risk E7 is its capacity to bind to and inactivate pRb. We therefore examined the effect of the pRb knockdown on the expression of MMP9. The raft culture with the pRb knockdown cells was established by using a retroviral vector expressing the shRNA targeted to pRb. The pRb expression level was monitored by immunoblot analysis with anti-pRb antibody (Fig. 8A) . The pRb knockdown did not induce MMP9 in the epidermis, and the expression of low-risk HPV11 E7 that could not inactivate pRb induced MMP9 (Fig. 8B) , suggesting that the upregulation of MMP9 by E7 was independent of the pRb degradation.
DISCUSSION
Cancer-prone status of HPV-infected cells. For HPV-induced carcinogenesis, the major viral oncoproteins E6 and E7 are pivotal; both E6 and E7 disturb the cell cycle checkpoint and the apoptosis induction, resulting in the augmentation of genetic instability. For the progression of carcinogenesis, it is believed that additional host mutations are required and that the ras family of proto-oncogenes is one of the major targets FIG. 5 . Effects of MAPK-specific inhibitors on the invasion induced by both 18E7 and H-rasV12. MAPK-specific inhibitors were added to the raft culture medium from day 1. The cryosection (7 m) was fixed with formaldehyde and stained with H&E. Cr, control. for the mutations. Although Ras activation in HFKs induces premature senescence through the pRb-related pathway, the high-risk E7 oncoprotein could eliminate senescence induction and confer invasive potential on the HFKs in cooperation with Ras activation ( Fig. 1 and 2) . The results indicate that the HPV-infected cells that express E7 are tolerant of the Ras activation, which contributes to malignant conversion of the HPV-infected lesion. Other oncogenic stresses, such as the activations of Raf, ERK, or Akt, are also reported to induce "premature senescence" (5), and our observation suggested that the high-risk HPV-infected cells are tolerant of such stresses, which might confer the "cancer-prone" status on the HPV-infected cells.
It was reported that transformation by Ras activation in normal human cells requires p53 inactivation, pRb inactivation, c-myc activation, PP2A inactivation, and telomerase reactivation (20) . Although our report indicated that the highrisk E7 expression, which induces pRb degradation and c-myc activation, conferred invasiveness on the HFKs in cooperation with the Ras activation, the combined expression of 18E7 and H-rasV12 is not sufficient for the induction of transformation. For the transformation, additional alterations of the host cells as well as high-risk E6 expression must be required. We are seeking such additional cellular factors that are involved in the multiple aspects of the malignant conversion, such as the cell motility, the metastasis conversion, and the evasion of the host immune system. MMP induction and invasiveness. The acquisition of invasive potential by the coexpression of H-rasV12 and 18E7 resulted from MMP induction, which was supported by experiments with several MMP inhibitors (Fig. 4) . MMP9 expression was upregulated by 18E7, but 18E7 expression by itself did not induce the invasiveness of the epidermal cells (Fig. 2, 3) . Although this observation indicated that MMP9 expression was not sufficient for the acquisition of the invasive potential, its involvement in invasiveness was supported by the result of the MMP9-specific inhibitor (Fig. 4) . It was reported that MMP9 was related not only to invasiveness but also to cell proliferation (8) . The hyperplasia of epidermis induced by 18E7 expression was significantly suppressed by the MMP9-specific inhibitor (Fig. 4) , suggesting that the MMP9 expression was also involved in the cell proliferation of epidermis. We reported that the 18E7-induced hyperplasia resulted from the degradation of pRb and p130 and that the low-risk HPV11 E7 caused mild hyperplasia by inactivating p130 (52) . The induction of MMP9 was independent of pRb inactivation, and HPV11 E7 had a potential to induce MMP9 expression (Fig. 8) , indicating a possibility that MMP9 induction was a common feature of both types of E7 and that induction is involved in E7-mediated hyperplasia.
E7-mediated MMP induction has been reported with other types of HPVs. HPV16 E7 induced MT1-MMP expression in keratinocytes; such an effect was not evident for HPV18-positive HeLa cells (50, 57) . It was reported that the expression of HPV8 E7, which is a cutaneous-type HPV, was enough to confer the invasive potential on the epithelial cells in the organotypic raft culture (1), in which MMP1, MMP8, and MT1-MMP were induced. The differences between E7 functions in the invasiveness of various HPV types might be due to their host cell tropism, and it will be necessary to examine the key factor involved in the MMP induction by E7s. An examination of the expression levels of a variety of MMPs in the epidermal cells expressing both 18E7 and H-ras will also be required.
MT1-MMP was induced by H-rasV12 in the epidermal cells of the raft culture, especially at the basal layer cells in contact with the dermal equivalent (Fig. 3) . It was reported that MT1-MMP was highly expressed at the cell surface of cancer cells (26) . MMP2 was expressed from the fibroblasts embedded in the dermal equivalent and was broadly distributed in the dermal layer (Fig. 3) , which is one of the proteolytic targets of MT1-MMP. The immunohistochemical staining showed the accumulation of MMP2 at the region of basal membrane, suggesting that the MT1-MMP recruited the MMP2 at the region and activated it by proteolytic cleavage (51) . It is known that MT1-MMP is also able to degrade type I collagen (24) . Type I collagen is a major component of the dermal region (6); therefore, the MT1-MMP might function as a "pioneer" for the invasion into the dermal region.
In contrast to MT1-MMP, both MMP2 and MMP9 are known as type IV collagenases (13, 53) . Type IV collagen localizes at the basal membrane (6), and both MMPs might be involved in the degradation of basal membrane at the early stage of invasion. MMP2 was also known to activate MMP9 (16) . A recent study reported that MMP2 could upregulate cell migration in vitro in cooperation with MMP9 (42) . That re- port, using the knockout mouse for MMP2 and MMP9, indicated their contribution to the invasiveness (33) . These reports indicate that a cooperative function between MMP2 and MMP9 is important for invasiveness. The MEK/ERK pathway was involved in the MMP induction by H-ras and 18E7. The expression of MMP9 and MT1-MMP was upregulated through the MEK/ERK pathway. The upstream events, however, might be distinct, because they were differentially regulated by 18E7 and H-ras (Fig. 3) . The constitutive active mutant of MEK could induce significant but weak invasion in cooperation with 18E7 (Fig. 7) , suggesting that the other pathways triggered by the Ras activation were involved in the strong invasiveness observed for the cells expressing both H-rasV12 and 18E7. The p38 pathway appeared not to be involved in the epidermal formation and the invasion potential (Fig. 5) . JNK activation seemed to be essential for the proliferation of stratified epithelial cells, because SP600125, a JNK inhibitor, drastically suppressed epidermal formation, which is consistent with a report that the JNK activity was essential for the development of stratified epidermis (17, 58) .
We reproduced a portion of multistep carcinogenesis, "the acquisition of invasiveness," by introducing 18E7 and H-rasV12 into the raft culture system. The raft culture is suitable to analyze the cell invasion and motility in a semiphysiological condition and useful for the screening of the drugs against invasiveness.
